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ABSTRACT
 Sediment deposition impacts dune morphology and is a product of many 
environmental factors. Dune vegetation is related to post-storm dune recovery and 
morphology. Though it is widely agreed that vegetation impacts sediment deposition, this 
relationship has not yet been quantified in the field. This research was conducted at Isle 
of Palms, a meso-tidal barrier island in South Carolina, where we collected topographic 
and vegetation data over an incipient foredune.  Cover was classified according to plant 
functional type (dune-builder or dune-stabilizer) or unvegetated surface (bare sand or 
wrack). We identified land cover changes resulting in greater surface roughness. To relate 
land cover change to morphologic change, we established the Aeolian Depositional Lag 
Time (ADLT) parameter, which is the average time between land cover change onset and 
first observed deposition. The average ADLT for all observations was 8.3 weeks. We 
analyze the rates of topographic change within each land cover type and analyze the 
distribution of land cover change and cumulative morphologic change over one year. 
Results suggest dune-builders and dune-stabilizers have different depositional impacts, 
likely due to differences in surface roughness and habitat preferences. The average 
topographic rate of change for all observations in this study was 1.1 cm/ADLT period.  
We present a conceptual model for seaward expansion of vegetation in an incipient 
foredune, considering varying surface roughness of vegetation types. As land cover 
changes, deposition rates vary based on vegetation type and associated surface roughness. 
Deposition rates slow as vegetation matures; surface roughness increases are dependent 
vi 
on plant growth. The varying surface roughness lengths associated with different 
functional types impact aeolian deposition. 
vii 
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 Coastal foredunes are important features of sandy coastlines. They serve as a 
defensive barrier between the ocean and land, and are a product of their immediate 
surroundings. Environmental factors influence the development and behavior of coastal 
foredunes. Some of these factors are sediment supply, sufficient onshore winds, fetch 
distance, presence of surface roughness features to trap aeolian sediments, and the 
neighboring beach and backshore environments (Swift 1976; Hesp 1982, 1988b; Short 
and Hesp 1982; Psuty 1988; Bauer and Davidson-Arnott 2003; Anthony et al. 2006; Hesp 
and Walker 2012; Nordstrom 2014). These represent interactions of biotic and abiotic 
processes affecting dune morphology (Hesp 2002; Castelle et al. 2017). Foredunes are 
classified as incipient or established (Hesp 1982). Incipient dunes are the geomorphic 
focus of this study, which are foredunes in the early stage of development. They are 
individual dunes (meters to tens-of-meters in alongshore length) that provide habitat to 
pioneer vegetation species. These vegetation trap aeolian sediments and help to stabilize 
incipient dunes.  
 Vegetation is pivotal for stabilizing coastal dunes (Cowles 1989; Bressolier and 
Thomas 1977; Pye 1993; Stallins and Parker 2003; Stallins 2005, 2006; Arens 2006; 
Nepf 2012). When vegetation density is high, there is higher potential for deposition on 
the foredune (Hesp 1983; Arens 1996), helping the dune grow vertically (Goldsmith et al
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 1990). This relationship creates a positive feedback cycle, wherein plant growth 
encourages deposition, leading to higher surface roughness, encouraging more deposition 
(Bressolier and Thomas 1977; Hesp 1984b, 2002; Hesp et al. 1989; Stallins and Parker 
2003). This process helps limit erosion (Logie 1982) and influences the deposition of 
finer particles (Lyels et al. 1974; Lyels 1977). Generally, ecologists have investigated the 
taxa and succession of dune vegetation (Cowles 1899), while physicists have studied 
surface roughness and boundary-layer interactions between the surface and vegetation 
(Nepf 2012).  
Surface roughness elements influence varying amounts of deposition, known as 
the “roughness factor”. The surface roughness factor of dune vegetation is dependent on 
the characteristics of the plants. Vegetation density is the primary factor that influences 
the roughness factor, and element shape (including, but not limited to height) the 
secondary factor (Bressolier and Thomas 1977; Marshall 1971; Hesp 1983; Sherman and 
Hotta 1990; Raupach et al. 1993). Vegetation affects dune morphology (Snyder and Boss 
2002; Psuty 2008; Hesp 2008; Duran and Moore 2013), however many studies quantify 
vegetation based on percent coverage (Nordstrom et al. 2009; Ciccareli et al. 2014; 
Keijsers et al. 2015) or density (Hesp 1988a; Psuty 2008; Ruggiero et al. 2018) rather 
than plant height/shape.  
If a surface is bare sand (i.e., unvegetated), there is no vertical displacement of the 
shear velocity profile (Sherman and Hotta 1990). If the surface is densely vegetated, the 
displacement height is two-thirds of the mean plant height, or approximately 0.7 Hv 
(mean height in the vertical direction) (Oke 1978; Jackson 1981). By increasing the 
elevation where mean shear stress occurs, the potential for deposition is increased over a 
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spatially contiguous area. These physical processes prompt the scientific community to 
believe that erosion and accretion are highly controlled by vegetation cover and wind 
speed. Wind transport sand from the subaerial/aerial beach, and initial deposition in the 
foredunes is primarily due to the presence of vegetation (Sarre 1989; Nepf 2012; 
Nickling and Davidson-Arnott 1991). 
Plant abundance varies seasonally, which influences deposition within foredune 
morphology (Hesp 1982, 2002). Foredune formation processes have been related to 
specific species by ecologists and biologists (Wallen 1980; Krajnyk and Maun 1981; 
Maun 1984) but have rarely been studied from a geomorphic perspective (Hilton and 
Konlechner 2011). Progress has been made towards estimating transport patterns among 
vegetated surfaces differentiated by species or percent coverage (Arens et al. 2001; Dong 
et al. 2007; Dupont et al. 2014; Okin 2008; Barrineau and Ellis 2012), but it still remains 
difficult to understand erosion and deposition in the complex foredune environment 
(Bauer et al. 2013; Leenders et al. 2011).  
Though geomorphology and vegetation dynamics are “naturally interrelated and 
affect each other considerably” and plants “may generate landforms”, few studies have 
attempted to integrate the dynamics of vegetation to foredune morphology (Hesp et al. 
2011). The majority of studies that attempt to examine this relationship do so from one of 
two perspectives: vegetation by percent coverage, or vegetation by composition. Some 
studies suggest that dune recovery can be initiated when vegetation reestablishes with 
enough density to promote deposition (Snyder and Boss 2002), and that vegetation may 
control depositional patterns around incipient foredunes (Houser et al. 2008).  
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While these studies help establish the relationship between vegetation and 
depositional patterns, they do not quantify it. There have been suggestions that this is 
likely due to the difficulty of quantifying a spatial correlation of vegetation patterns with 
morphology (Baas 2002). Other studies have attempted this before, for example, Houser 
et al. (2015) states that foredune formation can only be initiated when vegetation is able 
to colonize the backshore. Another study yields similar results, and mentions that a series 
of storms can trigger changes in both vegetation and morphology (Castelle et al. 2017).  
Ehrenfeld (1990) categorizes vegetation based on its theoretical influence on 
deposition. The following categories (henceforth “functional types”) of vegetation have 
been adopted throughout many sub-disciplines of geography and ecology: dune-builders, 
burial-tolerant stabilizers, and burial-intolerant stabilizers (Hosier 1974; Woodhouse 
1982; Ehrenfeld 1990; Stallins 2005). It is assumed that larger and/or denser plants have 
a greater ability to influence aeolian deposition than smaller and/or less dense vegetation. 
This is also impacted by the response to sand burial.  
Dune-builders are generally dense and tall, making them effective at influencing 
consistent aeolian deposition, under the proper environmental conditions. Dune-
stabilizers are smaller and less dense. They may influence less consistent aeolian 
deposition, because they are smaller surface roughness elements and some are pioneering 
species. Stabilizers are generally a surface and sub-surface element (through root systems 
and nutrient bases) that bind and stabilize the sand. Previous literature suggests that dune-
stabilizers can be burial-tolerant or burial-intolerant (Woodhouse 1982; Ehrenfeld 1990), 
but this study considers dune-stabilizers as one entity.  Feagin et al. (2019) suggests that 
all vegetation aid in dune stabilization, and we believe that this principle applies to dune-
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stabilizers regardless of their burial tolerance. However, previous studies  also find that 
functional type classifications are important for both ecology and morphology (Westoby 
1998; Lavorel and Garnier 2002; Diaz et al. 2004; Wright et al. 2005; McGill et al. 2006; 
Kim and Yu 2009; Kattge et al. 2011; Ciccarelli 2012, 2014), so we classify dune 
vegetation as dune-builders or dune-stabilizers. Topography is related to vegetation 
pattern/distribution (Duran and Moore 2013; Monge and Stallins 2016; Vincent and 
Moore 2015; Phillips 2016), but there remains a need to more specifically relate 
vegetation and dune topography (Monge and Stallins 2016).  
Our study addresses this literature gap by identifying the temporal lag between 
vegetation and sediment deposition on incipient foredunes. A new data analysis method 
is introduced for calculating aeolian depositional lag time (ADLT), which relates 
vegetation functional types and topographic change. Finally, we developed a conceptual 




MATERIALS AND METHODS 
2.1 FIELD SITE 
The field site is located on Isle of Palms (IOP), a “drumstick” barrier island 
(Hayes 1979) approximately 15.5 kilometers NNE of Charleston, SC (Figure 2.1A). IOP 
is approximately 10.5 kilometers long, and has varied in width over time (US Army, 
1966). The average tidal range is 1.5 m with spring tides reaching 2.0 m (US Army, 
1966). Fine-grained quartz sand transports alongshore from northeast to southwest at 
rates of approximately 120,000 m3 per year (Kana, 1977). 
 The incipient foredune investigated in this study is approximately 55 meters long, 
between 53rd and 54th Avenues. This site has been impacted by multiple hurricanes, 
winter storms, and king tides from 2017-2019. However, to the best of our knowledge, 
the field site was not inundated and the vegetation was not disturbed during this study. 
Without excessive further storm impact or anthropogenic disturbance, the current 
incipient dunes at this study site could coalesce into a primary foredune ridge. During the 
time of this study, the incipient foredune (herein referred to as the ‘dune’) is 
characterized by multiple partially-vegetated incipient foredunes and flat sandy areas, 
some with vegetation (Figure 2.1). The study site is divided into 10 transects, each 5.5 
meters apart (Figure 2.1B). The transects span from a landward point corresponding to 
damage from Hurricane Matthew in 2016 to the seaward-most vegetation extent, and are 
numbered 1-10, north to south. Nine surveys were conducted along these transects 
	 7 
approximately every 6 weeks from September 2018 to August 2019 (9/23/2018, 




Figure 2.1 (A) 53rd Avenue, Isle of Palms, SC. (B) The study site, where the yellow box 
outlines the dunes and the blue lines are the transects that are numbered 1-10, north to 
south. Green Diamond is total station location, and green circle is backsite location. (C) 
The red box shows where Isle of Palms is located within SC.  
 
 
2.2 ESTABLISHING VEGETATION FUNCTIONAL TYPES 
Previously established vegetation functional types classifications (Woodhouse 
1982; Ehrenfeld 1990; Stallins 2005) were modified for this study. Dune-stabilizers were 
considered one category regardless of burial tolerance, because stabilizing vegetation 
should have similar depositional impacts on the dune. Photographs were taken of the 
various species present at the field site, then we utilized previous studies and guide books 
for species identification (Kraus and Friday 1988; Maun 2009; Witherington and 
Witherington 2011; Hosier 2018). In this study, we assume vegetation species can be 
classified either as dune-builder or dune-stabilizer based on visual characteristics such as 
	 8 
height, density, and leaf shape. Characteristics of dune-building vegetation are tall and/or 
dense growth that may have macrophylls, while dune-stabilizers are generally shorter, 
sparser, and may have microphyll leaves. Table 2.1 lists the species that were identified 
and classified by functional type throughout the course of this study. 
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Table 2.1 A list of the plant species, their respective functional types, and growth 
patterns observed between September 2018 and August 2019 at the Isle of Palms, SC. 
“B” represents builder, “S” is stabilizer, “A” is annuals, and “P” is perennials 
Latin Name Common Name Type Growth  
Amaranthus pumilus Seabeach amaranth S Annual 
Cakile edentula harperi Harper's sea-rocket S Annual 
Cenchrus tribuloides Sand-dune sandspur B Annual 
Conyza canadensis Canadian horseweed B Biennial 
Croton punctatus Silver-leaf croton (beach tea) B Perennial 
Diodia teres Poorjoe (Rough buttonweed) B Perennial 
Gaillardia pulchella Indian blanketflower or firewheel B Annual 
Heterotheca subaxillaris Camphorweed B Perennial 
Hydrocotyle bonariensis Longleaf Beach pennywort S Perennial 
Ipomoea imperati Fiddle-leaf morning-glory S Annual 
Ipomoea pes-caprae Railroad vine  S Perennial 
Iva imbricata Beach/ Dune marsh elder B Perennial 
Oenothera humifusa Dunes evening primrose S Perennial 
Panicum amarum Bitter panicgrass S Perennial 
Smilax auriculata Earleaf (dune) greenbriar B Perennial 
Sporobolus pumilus Saltmeadow cordgrass S Perennial 
Suaeda linearis Sea blite or Annual seepweed S Annual 
Uniola paniculata Seaoats B Perennial 
Yucca filamentosa Adam's Needle S Perennial 
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2.3 FIELD METHODS 
To assess topographic variability, a Sokkia 30R total station with an instrument 
accuracy of +/- 2mm was set up along transect 6. The total station location was consistent 
throughout all surveys (Figure 2.1B). All points were strategically acquired along ten 
shore-perpendicular transects (Figure 2.1B). Key features such as the dune crest and toe, 
vegetation line, and wrack line were recorded. There was an average of 145 points 
recorded per survey within this study.  
Vegetation data were collected continuously along the same transect lines using a 
1m x 1m quadrat. Vertical photographs were taken over the quadrat at approximately 
breast height. Since the seaward extent of vegetation changes, we always photographed to 
the farthest offshore position of the current or previous surveys. The transects ranged in 
length from 16 m to 24 m.  Vegetation data were not collected along transect 6, due to the 
human influence that surveying introduced in this area. 
2.4 DATA PROCESSING METHODS 
The data processing methods utilized throughout this study are summarized by 
Figure 2.2. The following sections provide more context and details for data processing 
and analysis.  
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Figure 2.2 A conceptual diagram of the data processing methodology. Bolded shapes are 
critical junctures, referenced throughout the text.  
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2.4.1 TOPOGRAPHIC DATA 
Using the total station XYZ coordinates recorded during the field topographic 
surveys, digital elevation models (DEMs) are generated. We used the kriging 
interpolation method (ArcGIS 10.5) with a cell resolution of 0.2 m. Since the seaward 
vegetation line changes throughout the study period, we created survey-specific dune 
masks. The dune masks have the same landward extent and alongshore length, and the 
seaward extent of the mask is marked by the seaward-most quadrat that has vegetation 
present for each transect.  
Raster calculations are used to generate 36 change maps, which represents every 
potential time step. All potential time-steps are included in this portion of the study to 
define the proper temporal scale for subsequent analysis. The change maps cover the 
spatial extent of the smallest input dune mask and illustrate elevation change over time. A 
positive cell value is associated with deposition, a negative cell value is associated with 
erosion, and zero denotes no change. 
2.4.2 VEGETATION DATA 
The 1 m x 1 m quadrat photographs were digitally divided into 25 squares with a 
ground resolution of approximately 20 cm by 20 cm (Figure 2.3B). supervised approach 
was used to classify each square by land cover: dune-building species, dune-stabilizing 
species, sand, wrack, other, or N/A (sand, wrack, other, and N/A are not functional 
types). Sand classifications were only assigned to squares that consisted entirely of sand. 
Dune-builder or dune-stabilizer classifications were determined by the most dominant 
visible vegetation functional type. The classification “other” is for various types of land 
cover, including beach detritus, litter, and fallen palmetto tree trunks, for example. “N/A” 
	 13 
means that the data were unavailable due to file corruption or errors during field data 
collection. Upon classification, the data were digitally recorded and joined in GIS to 
create survey-specific shapefiles (Figure 2.3A).  
 
Figure 2.3 (A) An example result (from October 2018) of vegetation data once it is 
classified into GIS. Dark green is dune-builder, light green is dune-stabilizer, tan is sand, 
gray is wrack, purple is other, and pink is N/A.  Transects are numbered 1-10, right to 
left, skipping 6. The blue outline from transect 8 corresponds to the inset (B), which is an 
example of a 1m x 1m quadrat-based vegetation photograph. The blue overlay divides the 
quadrat in ~20 cm x 20 cm ground resolution cells. “Sa” is sand and “S” is dune-
stabilizer. 
The vegetation survey shapefiles (20cm x 20 cm) were used to calculate Moran’s 
I (Figure 2.2, Diamond) to quantify the spatial autocorrelation of the land cover for each 
survey date. This quantified the relationship of the individual 20 cm x 20 cm cells, 
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showing the degree to which the type of land cover present was related to the surrounding 
land cover types. Moran’s I was not directionally constrained. We performed a Student’s 
2-Tailed T-Test (95% confidence) to assess the statistical relationship between the 
vegetation surveys over time, and to determine if any surveys should not be compared 
over time.  
Linear regression analysis is performed on the entire vegetation functional type 
dataset (Figure 2.2, Diamond). The percentage of dune-builder, dune-stabilizer, and sand 
observations for each survey over time were used as the input for the regression analysis 
(N= 9 surveys). We analyze the relationship between dune-builders and dune-stabilizers, 
dune-stabilizers and sand, and dune-builders and sand. This analysis was run with each 
possibility for response and explanatory variables for each relationship. We analyze the 
statistical relationship between land cover percentages of the entire population of 
observations. Regression analysis highlights potential statistical relationships between 
any two land-cover types. Because it is impossible to fully isolate variables in nature, we 
used a 90% confidence level, which is indicative of a strong relationship in the natural 
environment. Some examples of other vegetation-related studies that use a 90% 
confidence interval are: Attema and Ulaby (1978), Zhang et al. (2003), Zhang et al. 
(2010), Jiang et al. (2011), and Julien et al. (2011).  
We tracked changes in land cover over time for each 20 cm x 20 cm cell. Each 
cell has a unique identifier, and the land cover types were aggregated in GIS, and the 
attribute tables were used in excel for subsequent analysis. When comparing between 
survey dates, we isolated land cover changes that increased the surface roughness factor: 
sand to dune-builders, sand to dune-stabilizers, sand to mixed vegetation, and dune-
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stabilizer to dune-builder. Mixed vegetation is defined as any persistent vegetation cover 
without a dominant functional type. This vegetation classification was included to 
document instances where vegetation replaced bare sand, even if it changed between 
dune-builder or dune-stabilizer over time.   
A change in land cover was only considered if it persisted for at least three 
surveys (~12 weeks) after the initial observation. We did this to limit the dataset to 
observations that persisted for at least one season, with the intent to filter out ephemeral 
land cover changes. Data-filtering was conducted in a manner designed to reduce 
observational bias; we generated a spreadsheet without immediate references to location, 
detailing the type of land-cover change and the observation date of first occurrence 
(herein ‘onset date’). The spreadsheet was then joined to a shapefile to observe spatial 
patterns. 
2.4.3 ESTABLISHING AEOLIAN DEPOSITIONAL LAG TIME (ADLT) 
The ADLT quantifies the temporal lag between the increase of vegetation-induced 
surface roughness and subsequent deposition over the same area. The ADLT is only 
calculated over areas that experience an increase in surface roughness, and therefore does 
not consider scenarios that theoretically result in erosion (i.e., vegetation transition to 
sand). We collected topographic and vegetation field data for one-year in an attempt to 
quantify this relationship. Specifically, we used field-collected topographic and 
vegetation data (described in sections 2.4.1 and 2.4.2) to identify statistical relationships 
between land cover types using Moran’s I and regression analysis, establish ADLT, 
examine topographic rates of change for the various land cover types, and assess the 
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topographic distributions of these observations. We analyze vegetation data using 
Moran’s I and regression analysis. Moran’s I values can range from -1 (no degree of 
similarity across the landscape) to 1 (the entire landscape is the same), and are considered 
to ensure appropriate comparisons are made over time (Moran 1950). This 
autocorrelation technique is widely used within the geomorphic community to quantify 
coastal landscapes (Walker et al. 2013, Eamer and Walker 2013). We analyzed the 
Moran’s I results using a Student’s T-test (95% confidence interval). 
Regression analysis is performed to better understand vegetation changes over 
time.  There is some debate within ecological literature on the necessity and validity of 
using regression analysis (and more specifically, the p-value) for establishing 
relationships (Burnham and Anderson 2014; Murtaugh 2014; Stanton-Geddes et al. 
2014). The general consensus is that in the case of ecological studies, p-values should be 
interpreted with caution, but are not inappropriate for highlighting empirical 
relationships. 
We utilized the topographic change-maps and the land-cover change shapefile to 
calculate ADLT (Figure 2, Pentagon). The topographic change maps are symbolized 
using a binary classification; any values greater than zero are assumed to be associated 
with aeolian deposition. Erosional areas and land cover changes that occurred outside of 
the change-map extent were not included in the ADLT calculation.  
We used the topographic change maps from every potential time-step to visually 
isolate the first instance of deposition for each land cover change observation, and 
recorded the number of weeks that passed from the onset date. For each type of land 
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cover change, we average the number of weeks that passed between the onset date and 
first observed deposition—which is ADLT. The ADLT quantifies the temporal lag 
between the increase of vegetation-induced surface roughness and subsequent deposition. 
For example, we assess the amount of time that passes between the first observation of 
dune-building species and subsequent deposition. 
2.4.4 ESTABLISHING THE RELATIONSHIP BETWEEN VEGETATION FUNCTIONAL 
TYPES AND TOPOGRAPHIC CHANGE 
To assess the relationship between vegetation functional types and topography, 
we calculated the topographic rates of change for land cover change types (Figure 2, 
Oval), and analyzed the distribution of cumulative topographic change and associated 
land cover transitions (Figure 2, Rectangle). The temporal scale of analysis is determined 
by ADLT, which ensures that the observed topographic change for each time-step can be 
related to vegetation-related land cover change. This was an integral step to this study, 
considering that topographic change within dune systems can be highly variable over 
time. By first calculating ADLT for each land cover change, we establish the temporal 
scale that is appropriate for considering vegetation-induced deposition. Each change map 
generated using ADLT has associated elevation change data that is temporally related to 
vegetation-induced deposition. Using overlay analysis in GlobalMapper, these elevation 
values are associated with the land cover change shapefile.  
For each time-step, we isolated the following of land cover change types: sand to 
dune-stabilizer, sand to dune-builder, dune-stabilizer to dune-builder, consistent 
stabilizer, consistent builder, consistent sand. These land cover changes were utilized to 
	 18 
optimize the dataset. We chose to include the maximum possible data observations for 
the rate of change calculations. The “mixed vegetation” is not included because this 
analysis only considers two surveys at any time.   
We divided the elevation change by the number of days between surveys, 
resulting in a topographic rate of change (cm/day) for each land cover change 
observation. This was then converted to a weekly topographic rate of change. To reach 
final topographic rates of change (cm/ADLT period) (Figure 2, Oval), we multiplied land 
cover changes by their calculated ADLT, and consistent land cover by the survey 
frequency. We averaged these values to highlight seasonal variability of deposition and 
erosion and to assess the differences between vegetation functional types and topographic 
change.   
The cumulative change map (September 2018 to August 2019) was used to 
analyze the distribution of topographic change and the associated land cover change types 
for the entire study (Figure 2, Rectangle). In GIS, the cumulative change map was 
classified using the natural breaks (jenks) function, which automatically breaks the 
topographic observations into a normal distribution based on naturally-occurring 
numerical breaks in the dataset. The land cover change data that was utilized for ADLT 
calculations was also used in this analysis. Once the classes were established, we 
conducted overlay analysis to associate cumulative topographic change with the land 
cover data. This results in a distribution that shows the presence of land cover types 
within each topographic change class.  
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CHAPTER 3 
RESULTS AND DISCUSSION 
3.1 TOPOGRAPHIC DATA 
The DEMs that were generated for each survey are presented in Figure 3.1, which have a 
root mean square error (RMSE) of 0.05 m. DEMs are classified into 20 classes, each 
covering ~7.5 cm of topography. The highest points of the site are symbolized in blue, 
characterized over time by two fairly stable incipient dunes. Between them is an 
overwash channel leftover from a previous erosional event, a continuous zone of low 
elevation throughout this study. In fact, the remnant channel becomes more obvious over 
time as the areas around it recover over time.   
Unsurprisingly, the lowest areas of the dune are situated around the seaward 
extent of the dune field. The lowest point in any of the DEMs is ~1.45 m above mean sea 
level (MSL). The highest areas are located along the incipient dune crests, at ~2.95 m 
above MSL. The seaward extent of the dune field changed locations throughout the 
study. It was further landward in the winter months, moving seaward throughout the 
spring and summer. Our final survey (Figure 3.1I) in August 2019 was the largest dune 
area (m2) with the farthest seaward extent.  The back dune (landward of the two stable 
crests), the area adjacent to the northern edge of the overwash channel, and the new 





Figure 3.1 The DEM generated for each survey date, symbolized using 20 standard classes of ~7.5 cm each. Each map represents 55 




















































Figure 3.1H and 3.1I) are notable zones of deposition that we observed during this study. 
Change maps generated from these DEMs that highlight the spatial variability of erosion 
and deposition are located in Appendix A. 
3.2 VEGETATION DATA 
The vegetation functional type classifications/land cover observations from the 
survey transects are summarized in Table 3.1. The total number of observations fluctuates 
over time from 4325 to 5000— additional quadrat samples were sometimes needed to 
reach the vegetation line as it migrated seaward over time. The land cover data are 
presented as count and percentage. Percentages are compared since they are standardized 
for the change in total observations. The other and N/A classifications did not occupy a 
significant percentage of the total dataset, so they were not analyzed further. During the 
12/16/2018 survey, we recorded a higher than average amount of wrack because in the 
week prior to our survey a mid-latitude cyclone and a king tide event impacted the study 











Sand Wrack Other N/A 
 (Count) (Count) (%) (Count) (%) (Count) (%) (Count) (%) (Count) (%) (Count) (%) 
9/23/2018 4325 864 20% 1385 32% 2076 48% 0 0% 0 0% 0 0% 
10/27/2018 4325 962 22% 1190 28% 1991 46% 104 2% 3 0% 75 2% 
12/16/2018 4325 1141 26% 789 18% 1911 44% 483 11% 1 0% 0 0% 
1/26/2019 4325 1003 23% 828 19% 2255 52% 236 5% 3 0% 0 0% 
3/9/2019 4350 1035 24% 835 19% 2304 53% 99 2% 2 0% 75 2% 
4/20/2019 4375 1084 25% 948 22% 2245 51% 71 2% 2 0% 25 1% 
6/4/2019 4450 1557 35% 743 17% 2140 48% 8 0% 2 0% 0 0% 
7/15/2019 4500 1382 31% 1075 24% 2042 45% 0 0% 1 0% 0 0% 
8/24/2019 5000 1328 27% 1816 36% 1849 37% 0 0% 7 0% 0 0% 
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Dune-builders ranged from 864 observations (20%, September 2018) to 1,557 
observations (35 %, June 2019), while dune-stabilizers ranged from 743 observations 
(17%, June 2019) to 1,816 observations (36%, August 2019). Sand was fairly consistent, 
ranging from 1,849 (37%, August 2019) to 2,304 (53%, March 2019). Dune-builder 
observations tended to increase from September to June, but then decreased slightly from 
July-August. Dune-stabilizer observations fluctuated more, decreasing from September to 
December, increasing from December to April, decreasing from April to June, and then 
largely increasing from June to August. The distributions of functional type land cover 
percentages over the course of the survey are presented in Figure 3.2. These data are 
utilized to establish the land cover changes for establishing ADLT and analyzing 
topographic rates of change (detailed in sections 2.4.3 and 2.4.4). 
 





 Given that we have a finite number of observations within our dataset, it is 
straightforward that the percentages of each land cover type are related to each other. In 
every case, results when switching the variable type were identical. We found that there 
were weak correlations between dune-builders and dune-stabilizers, and dune-builders 
and sand (Table 3.2). However, we found that there was a strong relationship between 
dune-stabilizers and sand (Table 3.2). This was likely due to the fact that many dune-
stabilizers occupy areas towards the seaward extent of the dune field. Their colonization 
and/or death over otherwise sandy areas means that these land cover types would have a 
strong negative relationship. 
Table 3.2 Simplified results from regression analysis on relationships between land-  
cover types. 
Category r r2 P-value 
Dune-Builder and Dune-Stabilizer -0.39 0.15 0.30 
Dune-Stabilizer and Sand -0.65 0.42 0.06 
Dune-Builder and Sand -0.22 0.05 0.57 
 
In our study, we find that there is a statistically significant negative relationship 
between the percentage of dune-stabilizer observations and the percentage of sand 
observations. These results suggest that there is an empirical relationship between these 
two land cover types, but is not entirely conclusive. Furthermore, these results indicate 
that as dune-stabilizers cycle in and out of the system according to their growth cycle, 
they are generally growing into or leaving spaces occupied by sand. This relationship is 
most obvious in the summer months (Figure 3.2). We discuss this later in this section, in 
conjunction with other results from this study.  
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We calculated Moran’s I (index) in GIS for each vegetation survey shapefile, with 
the inputs being the specific land-cover types within 20 cm x 20 cm cells. The maximum 
index was 0.40 (January 2019 survey), and the minimum was 0.31 (June 2019 survey). 
The distribution of Moran’s I values (Figure 3.3) all had an associated 0 p-value, 
automatically generated with the index (Appendix A). To check the automatically 
generated p-values, we performed a 2-tailed Student’s T-Test on the index values, and 
found p=1.32 x 10-40. This confirmed that these surveys were statistically significantly 
similar over time at a 95% confidence interval. Therefore, we considered all surveys in 
this study. 
Though not statistically different, there is an apparent seasonality to the Moran’s I 
values: higher values in the winter months, lower values in the summer months, and 
intermediate values in-between.  This suggests that in the winter, the vegetation exhibited 
spatial patterns that had a tendency to be more similarly related in space—closer to a 
uniform, continuous surface. In the summer, the vegetation was less uniform. These 
findings likely correspond with seasonal variations in vegetation presence. This could be 
impact dune morphology, but a longer-term study would be needed to explore this 
further. Regardless, values related to the seasonal fluctuations were not statistically 
significantly different, so we compared all surveys in this study to one another. More 




Figure 3.3 Distribution of the average Moran’s I value calculated for each vegetation 
survey in this study. 
 
3.3 AEOLIAN DEPOSITIONAL LAG TIME (ADLT) 
The vegetation functional type/land cover observations were used to calculate 
1,252 land cover change observations (Table 3.3). 1,055 (84%) were located within 
comparable study area surveys over time, and used to establish ADLT. Usable 
observations include land cover changes from sand to vegetation cover, and change in 
vegetation from dune-stabilizers to dune-builders. 955 observations were sand to any type 
of vegetation cover. Of these, 421 (44%) were sand to mixed, 265 (28%) were sand to 




Table 3.3 ADLT calculation results, summarizing the total observations for each land 
cover change type, how many observations resulted in deposition, and the calculated 
ADLT. 






 (Count) (Count) (%) (Count) (%) (Weeks) 
Sand to Mixed 
Vegetation 
483 421 87% 320 76% 9.3 
Sand to Dune-Builder 328 265 81% 234 88% 8.3 
Sand to Dune-
Stabilizer 
326 269 83% 223 83% 7.2 
Dune-Stabilizer to 
Dune-Builder 
115 100 87% 66 66% 8.5 
Average 313 264 84% 211 78% 8.3 
 
78% of the land cover change observations were associated with aeolian 
deposition (Table 3.3). That being said, the percentage of land cover change observations 
resulting in deposition vary by type; 76% of sand to mixed vegetation, 88% of sand to 
dune-builder, 83% of sand to dune-stabilizer, and 66% of dune-stabilizer to dune-builder. 
The ADLT observed at the study site was (from shortest to longest) 7.2 weeks for sand to 
dune-stabilizer, 8.3 weeks for sand to dune-builder, 8.5 weeks for dune-stabilizer to dune-
builder, and 9.3 weeks for sand to mixed vegetation.  
The land cover change from sand to dune-builder was the most effective at 
influencing aeolian deposition (88% of ADLT calculation observations resulted in 
deposition), while the change from dune-stabilizer to dune-builder seems to be least 
effective (66%). Sand to dune-stabilizer displays the shortest ADLT observed in this 
study, and a higher-than-average detected deposition (83%). 
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In many cases, the dune was populated by dune-builders and dune-stabilizers 
simultaneously. The mixed vegetation class had the longest ADLT (9.3 weeks) and the 
least deposition for land cover changes starting as bare sand (76%, near average). These 
results align with the results presented in Maximiliano-Cordova et al. (2019), where they 
also find that greater species richness does not equate to more deposition/less erosion. In 
the mixed vegetation locations, dense coverage (relative to other areas on the dune) 
provides nutrients and habitat to create and sustain a substrate that encourages continued 
growth. It is likely these portions of the study area will continue to provide critical 
habitat, but may not be ideal for deposition. Portions of the dune where mixed vegetation 
was consistently present was generally from the landward foredune crest to toe, an 
excellent habitat for continued vegetation growth of dune-builders and dune-stabilizers. 
However, these areas are protected from onshore winds and high shear stress conditions, 
two factors necessary for aeolian transport. This explains why we observe longer ADLT 
and lower detected deposition in a densely vegetated area. While our results align with 
Maximiliano-Cordova et al. (2019), they seem to contradict the notion that more densely 
vegetated areas are correlated with higher rates of deposition. We believe spatio-temporal 
variations in transport mechanism/potential supersede factors like vegetation density, 
height, and/or species richness.   
Observations of land cover transitions between differing vegetation functional 
types reveal additional patterns of ADLT values. The dune-stabilizer to dune-builder and 
sand to dune-builder categories have similar, close to average ADLT values. This is 
likely related to the fact that both result in dune-builders. These land cover changes 
increase the surface roughness, and therefore, the potential for deposition. Our results 
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suggest if land cover changes result in dune-builders, the amount of time that passes until 
we first observe deposition (ADLT) should be largely unaffected by the prior land cover 
type. However, the prior land cover seems to effect the amount of observed deposition 
and topographic rates of change. 
3.4 USING RATE OF CHANGE AND DISTRIBUTION ANALYSIS TO 
ASSESS THE RELATIONSHIP BETWEEN VEGETATION AND 
MORPHOLOGY 
To align with the temporal scale of ADLT (Table 3.3), we considered topographic 
change at 12-week intervals (Appendix A), which resulted in a total of 8 overlapping 
time-steps throughout the duration of this study: September 2018 to December 2018, 
October 2018 to January 2019, December 2018 to March 2019, January 2019 to April 
2019, March 2019 to June 2019, April 2019 to July 2019, June 2019 to August 2019, and 
a cumulative change map for the entire study from September 2019 to August 2019. We 
analyzed overlapping time-steps to optimize and maximize our dataset. 
The average topographic rates of change vary by functional type. Figure 3.4 
illustrates the topographic rate of change for each functional type at 12-week time-steps. 
The final set of bars on Figure 3.4 is the average rate of change for each type of land 
cover change for the entire study duration. From least to greatest, the cumulative 
observed average rates of change are: consistent dune-builders exhibited 0.5 cm/ADLT 
period, dune-stabilizer to dune-builder was 0.7 cm/ADLT period, consistent stabilizer 
was 0.9 cm/ADLT period, sand to dune-stabilizer was 1.3 cm/ADLT period, sand to 
dune-builder was 1.4 cm/ADLT period, and consistent sand was 1.6 cm/ADLT period. 
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These values are quite similar, but the comparison of the ranking is what makes them 
important, especially when combined with ADLT results. More detailed topographic rate 
of change data are located in Appendix C.  
The maximum rate of deposition for any land cover change resulting in vegetation 
was from September 2018 to December 2018, when sand to dune-builder exhibited 
deposition measuring 6.4 cm/ADLT period (Figure 3.4).  Likewise, the minimum rate of 
change was observed from April 2019 to July 2019 in an area that was dominated by land 
cover changes from sand to dune-stabilizer. However, the highest rates of change 
observed in this study (1.6 cm/ADLT period) and maximum observed rate of deposition 
(7.7 cm/ADLT period [June 2019 to August 2019]) were over areas that were 
consistently sand, which typically occurred near the dune toe.  
 Our regression analysis results (Table 3.2) established that these data exhibit a 
significant relationship between sand and dune-stabilizers. It has been established by 
previous studies that wind approaching a dune compresses at the toe and accelerates up 
the slope, creating a separation cell and mixing layer near the dune toe, which could be a 
cause for deposition (Arens et al. 2002; Walker and Nickling 2002; Barrineau and Ellis 
2012; Walker and Hesp 2013). These processes could influence deposition, regardless of 
vegetation presence. It is also possible that these physical aeolian principles, combined 
with the ephemeral surface roughness of pioneering dune-stabilizers helped influence 
deposition at the dune toe throughout the study in between our field surveys, leading to 
deposition over areas that we observed and categorized as consistently sand. However, 
we recognize that the aeolian system is complex, and that there are other factors other 
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than vegetation (outside the scope of this study) that contribute to deposition and coastal 
dune morphology.  
 
Figure 3.4 The average topographic rate of change (cm/ADLT period), shown at 12-week 
time-steps. The final set of bars is the cumulative average observed rates of change for 
the entire study. 
 
The topographic rate of change varies over time. While the cumulative average 
topographic rate of change for each land cover change is positive (depositional), there are 
distinct seasonal variations. Averages over time (Figure 3.4) are 4.0 cm/ADLT period 
from September 2018 to December 2018, 0 cm/ADLT period from October 2018 to 
January 2019, -3.0 cm/ADLT period from December 2018 to March 2019, 3.1 cm/ADLT 
period from January 2019 to April 2019, -1.3 cm/ADLT period from March 2019 to June 
2019, -3.9 cm/ADLT period from April 2019 to July 2019, and 5.0 cm/ADLT period 
from June 2019 to August 2019 (see appendix for more detail). On average, we observe 
1.1 cm of deposition/ADLT period from September 2018 to August 2019. These results 
suggest that vegetation must persist for weeks or even months to cause observable, 
consistent deposition over time. 
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Combining the topographic rate of change (Figure 3.4) and ADLT results (Table 
3.3) reveals that the temporal scale must be considered to relate vegetation and 
topography. ADLT and topographic rates of change reinforce one another and correspond 
with our field photographs and observations. We discussed that ADLT values for land 
cover change resulting in dune-builders are similar, which suggests that the average 
amount of time that passes until the onset of deposition for these changes are comparable. 
The rates of change over the ADLT period (Figure 3.3, see Appendix C for more 
information) suggest differences in deposition potential that depend on previous land 
cover. Dune-builders seem to be effective at influencing deposition when they replace 
sand but are less efficient when they replace dune-stabilizers, which may be related to 
biotic interactions (such as competition between dune-builders and dune-stabilizers). This 
suggests that the land cover change elicits a morphologic response in the dune that is 
amplified when land cover transitions exhibit larger changes in surface roughness. In this 
case, the increase in surface roughness is larger when the prior land cover was bare sand 
versus dune-stabilizer. The larger increase in surface roughness is directly related to a 
higher topographic rate of change.  This idea is reinforced by the distributions of 
cumulative topographic change and vegetation functional types. 
 We classified the cumulative change map into 12 classes based on natural 
numerical breaks in the dataset, which defined each class from 3.7 to 14.0 cm (an 
appropriate scale to observe the distribution within the bounds of our survey accuracy). 
The topographic change distribution ranges from -36 cm (erosional) to 42 cm 
(accretional). We analyzed the distribution various land cover change observations for 
each topographic class (Figure 3.5). We found that the vegetation distribution was 
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normal, albeit leaning towards the accretional classes. This suggests that our vegetation 
observations and topographic observations follow similar data trends. Figure 3.5 
demonstrates that land cover changes and deposition are related, and that differences in 
land cover can be observed at various levels of topographic change. 
 
Figure 3.5 The number of observations of land-cover change for classes of topographic 
change, calculated from the cumulative change map (September 2018-August 2019). No 
land cover changes occurred from -36 cm to -22 cm. 
The dune-stabilizer to dune-builder category was the least observed land cover 
change (Table 3.3, Figure 3.5). This land cover change type was never the most dominant 
within a topographic class and displayed negligible impact in the higher accretion classes 
for observed cumulative change. The dune-stabilizer to dune-builder change had more 
observations in the erosional classes and exhibited a peak (38 observations) from 1.9 to 6 
centimeters. It’s observed range of topographic influence was from -22 cm to 24 cm 
(Figure 3.5). This corresponds well with ADLT (Table 3.3) and rate of change results 
(Figure 3.4). Dune-stabilizer to dune-builder was the least effective category at 
influencing deposition, with the lowest topographic rate of change (albeit positive at 0.7 
cm/ADLT period) for any transition type and the majority of observations between -8 and 
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6 cm of observed topographic change. This is likely related to the transition from one 
functional type to another. Dune-builders likely have the highest surface roughness 
factor, and therefore the highest depositional potential. However, dune-stabilizers also 
provide some amount of surface roughness. The increase in surface roughness from dune-
stabilizer to dune-builder may not have been substantial enough to influence considerable 
accretion in the dune, explaining why that this category is absent from the highest 
accretional classes. Furthermore, these transitions generally occur landward of the dune 
crest. We discussed previously that this habitat is potentially less-than-ideal for capturing 
aeolian sediments. 
The sand to dune-stabilizer land cover change ranged from -14 cm to 31 cm, and 
was prominent in the mid-range accretion classes. Sand to dune-stabilizers were the 
maximum observed land cover for classes 6.0-9.7 cm, 9.7-13.8 cm, and 13.8-18 cm with 
70, 75, and 68 observations, respectively. However, dune-stabilizers drop off drastically 
after this period, and are not observed in the highest accretional class (Figure 3.5). Sand 
to dune-stabilizer seems to be quite effective between 6 and 18 centimeters of accretion, 
which are (not incidentally) similar to common heights for many dune-stabilizing plant 
species. This result supports previous studies that suggest displacement height is related 
to mean plant height (~0.7Hv) (Oke 1978; Jackson 1981). Further studies are needed to 
consider if burial tolerance and spatial arrangement of dune-stabilizing plants impacts 
deposition. 
The sand to dune-builder land cover change exhibits a negligible presence in the 
erosional classes. This change type peaks in observations in the same class as dune-
stabilizer to dune-builder, but continues to have a presence in the higher accretional 
	
	 35 
classes. Sand to dune-builder observations could potentially even be bi-modal, as this 
category hits a low point from 13.8-18 cm of observed accretion, but then begins to rise 
again. This makes sense, given the characteristics and habitat preferences of the 
functional types. Sand to dune-builder observations are abundant in the lower classes 
because only species that exhibit positive growth responses to rapid burial can survive. 
Sand to dune-builders observation are also abundant at higher elevations because the 
species exist within a positive feedback that favors their burial and topographically-high 
habitats. However, at the middle elevations, dune-builders do not have adaptive 
advantages over dune-stabilizers. This results in high abundance of sand to dune-
stabilizer observations in the middle of the distribution. A longer study with more 
observed accretion would be necessary to further explore these claims and distributional 
relationships.  
The sand to dune-builder land cover change was also the most effective land-
cover change in influencing aeolian deposition, resulting in the greatest ADLT 
calculation deposition (88%), an average ADLT (8.3 weeks), the highest rate of change 
for a vegetated class (1.4 cm/ADLT period), and a dominating presence in the highest 
observed accretional class. Though ADLT suggests that any land cover change ending in 
dune-builder will have similar depositional onsets, the rates of change and accretion class 
distributions of those two categories suggest that the prior land cover affects the amount 
of change in surface roughness, impacting deposition.  
The habitat preferences of vegetation functional types seem to be related to 
morphologic response over time (Figure 3.6). In incipient foredune environments, 
stabilizers likely encourage foredune development and/or recovery by capturing aeolian 
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sediments and enhancing the soil quality along the seaward extent of the dune field and 
backshore (Maun 2009). Although this is certainly pertinent to recovery, the general 
smaller size and sparser growth pattern of dune-stabilizers means the change from sand to 
dune-stabilizer may not be as effective as sand to dune-builder for trapping aeolian 
sediments. This plant behavior and difference in habitat may explain some of the 
variability we observe in ADLT and the consistence of deposition (Figure 3.6).  
ADLT is a measure of time and does not actively represent depositional 
regularity, therefore, the fastest ADLT does not equate to higher deposition.  For 
example, Figure 3.6 targets two key areas: (1) where dune-builders grow and subsequent 
deposition happens over time, and (2) where dune-stabilizers grow and there is no 
subsequent pattern of consistent deposition over time. When compared to the land cover 
change from sand to dune-stabilizer, the transition from sand to builder took an average 
of approximately one week longer to detect dune growth, but the growth was more 







Figure 3.6 ADLT analysis result for a March 2019 
onset date to (a) April, (b) June, (c) July, and (d) 
August. Yellow box shows dune-building vegetation 
with consistent deposition, purple boxes show dune-
stabilizing vegetation with variable deposition.	
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Dune-builders are denser and taller than their dune-stabilizing counterparts, and 
they generally grow in spatially contiguous areas (examples of dune-builders that display 
this growth pattern include sea oats [Uniola paniculata] and beach/dune/seacoast marsh 
elder [Iva imbracata], which are present at the field site). Dune-builders are often 
growing dense patches around the crests of dunes, and this niche may indicate why these 
species are especially effective at trapping aeolian sediment.   
Generally speaking, dune-stabilizers capture aeolian sediments near the seaward 
dune extent. Dune-stabilizers are small and grow less continuously than dune builders —
though they are important to dune recovery. Somewhat intuitively, many dune-stabilizers 
are also pioneering species. As a result, they are able to occupy less protected spaces 
within the dune system (i.e., seaward dune toe and/or backshore), which can extend the 
dune habitat seaward over time. Some species that we frequently observed near the 
seaward extent of the dune were Beach Pennywort (Hydrocotyle bonariensis), Beach 
Morning-Glory (Ipomoea imperati), Saltmeadow cordgrass (Sporobolus pumilus), and 
Harper’s Sea-Rocket (Cakile edentula harperi). The seaward dune face (from foredune 
crest to seaward extent) is an area where we frequently documented land cover change 
from sand to dune-stabilizers (Figure 3.6). These habitats are also generally made up of 
bare sand land cover. During the course of this study, stabilizers would creep onto the 
beach; however, these specimens would cycle through periods of colonization, death, and 
re-colonization. The statistically significant relationship between dune-stabilizers and 
sand (Table 3.2) reflects the fact that many dune-stabilizers are also pioneering species. 
The dune-stabilizers occupy a niche near the seaward extent of the dune field, an area that 
is generally occupied by dune-stabilizers or bare sand. This seems important for dune 
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stabilization and the seaward extension of the dune system over time, both in general and 
at our field site. The behavior of pioneering dune-stabilizers also explains some of the 
patterns we observed at our site and in our data (Table 3.3, Figures 3.4, 3.5, 3.6).  
It is interesting that the rate of change for consistent dune-builders is the lowest 
observed (0.5 cm/ADLT period, Table 3.3). Results from this study could suggest that the 
coupled vegetation-dune system may eventually reach a “depositional norm”, which is a 
point when the topographic rate of change is no longer impacted by the initial land-cover 
change. Instead, topographic rates of change would be dominated by the continued, stable 
surface roughness length and vegetation density. It has been previously established that 
near-surface flow varies depending on location and plant density/distribution (Hesp 1983, 
1984b). Hesp 1983b explains that aeolian transport is inherently related to lateral 
variations in near-surface flow, which is impacted by vegetation density on an incipient 
foredune. Furthermore, that study suggests that there is a positive feedback between plant 
growth and deposition, wherein the areas with highest plant densities continue 
experiencing the most deposition—and that this location may move seaward over time 
(Hesp 1983b). We observed the seaward movement of vegetation and the expansion of 
the dune crest at our site (Figure 3.1, Table 3.1), which is aligned with results from Hesp 
(1983b). By incorporating the surface roughness of different plant functional types, we 








Figure 3.7 Conceptual model of the impact that seaward 
growth of vegetation has on the morphologic expansion of 
incipient foredunes. Plant density, shear stress, and 
increased surface roughness causes rapid onset deposition. 
As vegetation matures, deposition normalizes. 
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This conceptual model considers varying shear stress, the seaward expansion and 
surface roughness of vegetation functional types. The conceptual model was designed 
considering systems with dominant winds moving from the sea towards the dune. Figure 
3.7A depicts a single incipient dune, which is habitat to an existing dune-building species 
at the crest. As vegetation migrated seaward (Figure 3.7B), dune-builders occupied areas 
around the crest, while pioneering dune-stabilizers were added near the dune toe. At this 
stage, dune-builder and dune-stabilizer exhibit similar topographic rates of change. In our 
study, we observed that the topographic rates of change for dune builders were 1.4 
cm/ADLT period and 1.3 cm/ADLT period for dune stabilizers. This is likely because 
vegetation replaced bare sand, and the increased surface roughness length begins to 
influence deposition.  
As shear stress builds towards the crest, over time the dune-builders are exposed 
to higher aeolian transport (and therefore, increased depositional potential) than their 
dune-stabilizing counterparts. Simultaneously, dune-builders grow into larger surface 
roughness elements than dune-stabilizers. Over time, these processes compound, 
resulting in more deposition around the dune-builders compared to the dune-stabilizers 
(Figure 3.7C). We call this complex combination of processes rapid onset deposition 
(ROD). ROD should occur at meso-temporal scales, and is the direct result of a consistent 
change from sand to vegetation. Eventually, the dune-builder influences enough 
deposition that it extends the dune crest seaward and increases plant density (Figure 
3.7D). If environmental conditions are constant, eventually the vegetation-dune system 
would reach a depositional norm, which is a point at when the topographic rate of change 
is no longer impacted by the initial land cover change.  
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The topographic rate of change should slow as the plant reaches full maturity, 
expands habitat, and land cover remains stable. This is due to the relationship between 
surface roughness and topographic change. As the surface roughness length becomes 
more constant over time (i.e., vegetation reaches full growth), this will elicit a similar 
pattern in the topographic rate of change. The net amount of deposition can still increase 
with increasing vegetation height and density.  
This conceptual model (Figure 3.7) combines and explains the seaward dune 
expansion and depositional patterns we observed at our site, topographic rate of change 
calculations, and the distribution of land cover/topographic change. For example, Figure 
9 shows a real-world example of the relationship we suggest in our conceptual model 
(Figure 3.7). The yellow box is an example of seaward extension of dune-builders near 
the crest of an incipient foredune. The two seaward purple boxes are examples of 
pioneering dune-stabilizers near the toe. Though this example is only over a few months, 
it could be indicative of long-term behavior. A more comprehensive study focused on the 
seaward expansion of vegetation in a recovering system is needed. Furthermore, the most 
erosional topographic class (-36 to -22 cm, Figure 3.5) had no observed land cover 
changes during the duration of this study. The most erosional areas of the dune were 
either characterized by stable, non-transitional vegetation or no vegetation at all. Further 
research is needed to better understand why this may be the case, however, we 
hypothesize that this may be related to the lack of surface roughness in those areas.  
Additional studies are needed to explore the long-term relationship of vegetation 
functional types and topographic variability. A larger and longer study may provide 
further insight towards the potential for ROD and depositional norm. It is suggested that 
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future studies capture in situ aeolian transport data as it relates to vegetation. 
Furthermore, this relationship may vary on coastlines with well-developed foredune 
ridges. The similarity between the topographic rates of change for sand to dune-builder 
(1.4 cm/ ADLT period) and sand to dune-stabilizer (1.3 cm/ADLT period) emphasizes 
the potential for ROD, but as time goes on, each functional type may reach a depositional 
norm, based on individual surface roughness and average environmental conditions. The 
transition from rapid onset deposition to depositional norm may affect long-term 
topographic rates of change and topographic variability. 
The similar ADLTs combined with the topographic rate of change results and 
distribution of land cover/topographic change suggest the methods presented in this paper 
do detect actual changes in vegetation-induced morphology. Furthermore, these results 
provide insights about the intricate relationship between vegetation and topography. This 
relationship likely changes significantly based on location and environmental factors. 
ADLT establishes the temporal scale for relating vegetation and morphology, on average, 
at this site. ADLT should be calculated on a study-by-study basis to ensure that the 
observed topographic change is being appropriately linked to vegetation. The difference 
in deposition observed between land cover changes involving dune-builders (88% from 
bare sand; 66% from dune-stabilizers), along with the differences in their rates of change 
(0.7 cm/ADLT period and 1.4 cm/ADLT period, respectively) suggests additional 
research is necessary to document the full impact of vegetation functional types/land 
cover changes on morphology. 
This study took place over a one-year period with surveys every ~6 weeks, so the 
calculated ADLT is beholden to these parameters. This survey frequency is appropriate to 
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capture mesoscale changes in vegetation and deposition, but a longer-term study may 
help illuminate specific variations within our dataset. For instance, ADLT results may 
vary if other species/climates are considered. A multi-year study could include 
seasonality or meteorological components, especially if the topographic rate of change is 
also being considered. ADLT and vegetation functional type extent may be classified 
differently for other regions, though these should be considered in such a way that 
ensures vegetation-induced deposition is observed at the proper temporal scale.  
Furthermore, a follow-up study on species identification and morphological 
change could provide more detailed insights that the functional type classification used in 
this study could not capture. We chose to include observations that persisted for 3+ 
surveys (12 weeks) in ADLT calculations, but these parameters could be adapted as 
appropriate for other studies. We recognize that the aeolian system is complex and that 
the conceptual model we present (Figure 3.7) may need adjusting for coastlines that do 
not have dominant onshore wind patterns. An improvement to future studies would be to 
directly link vegetation change and topographic change using photo, video, and structure 





This research investigated incipient foredunes on IOP for approximately one year, 
and sought to relate vegetation and dune morphology. We quantified topographic change 
and vegetation functional types using a new parameter: Aeolian Depositional Lag Time 
(ADLT). This study establishes methods for calculating ADLT, a parameter representing 
time between the initial growth of dune vegetation and subsequent changes in aeolian 
deposition. We found that ADLT varied but was longest for the land cover change from 
sand to mixed vegetation (9.3 weeks) and shortest for sand to dune-stabilizer (7.2 weeks).  
We also observed topographic rates of change for land cover change types, 
finding that the highest observed change was 1.6 cm/ADLT period, which occurred over 
consistently sandy areas. The highest depositional rate of change attributed to vegetation 
was 1.4 cm/ADLT period, over areas that changed from sand to dune-builder. 
Furthermore, we observed the distribution of land cover and topographic change, finding 
that the highest observed accretional class had a dominating presence of dune-builders 
and mixed vegetation.  
Combining these results led to a simple conceptual model that explores the 
relationship between the seaward expansion of vegetation and subsequent deposition on 
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incipient foredunes. As vegetation expanded seaward, we observed a rapid onset of 
deposition (ROD), which we believe is related to shear stress, plant density, and an 
increase in surface roughness. As the plant matures the depositional rate of change slows 
to a depositional norm. We believe this is related to a slower increase of surface 
roughness length as vegetation matures. As discussed, further research is needed to 
validate these ideas. 
This study supports previous research (e.g. Woodhouse 1982; Sarre 1989; 
Ehrenfeld 1990; Raupach 1992; Van Dijk et al. 1999; Lancaster and Baas 1998; Duran 
and Hermann 2006; Hugenholtz et al. 2008) that suggests vegetation has an impact on 
aeolian deposition. These observations confirm previous research that vegetation can be 
divided into functional types (Hosier 1974; Woodhouse 1982; Ehrenfeld 1990; Stallins 
2005) and demonstrates that functional types impact deposition observations in a coastal 
dune environment. Results from this study suggest the more effective vegetation 
coverage for increased deposition are the dune-building functional type and mixed 
vegetation category, specifically when those species replace bare sand. 
Vegetation is a natural surface roughness element that can influence aeolian 
sediment deposition in coastal dune systems (Sarre 1989; Raupach 1992; Van Dijk et al. 
1999; Lancaster and Baas 1998). Dune vegetation can be classified by functional types, 
and their distribution seems to impact aeolian deposition, specifically during the post-
storm recovery of incipient foredunes. The relationship between vegetation and dune 
morphology is complex, and more research is needed to fully understand their 
interactions (Ravi et al. 2007; Pelletier et al. 2009; Duran and Moore 2013; others).  
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This study is certainly relevant to the Southeastern United States, but the methods 
outlined here can be applied to any site characterized by incipient foredunes. We present 
a simple methodology for calculating topographic rates of change at the proper temporal 
scale for vegetation association. Additional studies could couple the rates of change and 
conceptual model presented here with numerical/computer modeling results.  
Coastal managers (especially those in the US Southeast) can consider the 
distribution of dune-builders, stabilizers, and mixed vegetation, and ADLT to inform 
dune restoration project design. Whether natural or artificial, the spatial extent of dune-
builders and dune-stabilizers could allow for planning of accretional areas throughout a 
dune system in a way that provides more effective storm protection. Furthermore, this 
study may provide a better understanding of the temporal aspect of biogeomorphological 
changes in the beach-dune system, as well as appropriate species that could build and/or 
stabilize dunes.    
 The holistic approach of integrating geomorphology and ecology is necessary for 
understanding the natural dune system, including vegetation-based deposition and post-
storm dune recovery. The feedbacks influencing aeolian deposition vary greatly, and 
studies of these interactions are inherently interdisciplinary. To most effectively 
understand and manage coastal dunes, they must be treated as landforms and habitats 
rather than as singularly engineered feature. These methods could help the scientific 
community fundamentally test concepts related to vegetation and morphology discussed 
in the literature, and could help us create more robust models. The classification of 
functional types places vegetation in the context of deposition, and utilizing the ADLT 
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Figure A.1 depicts the 12-week change maps used in this study. 
 
Figure A.1 Change maps generated at ~12-week time-steps, covering 55 







Table B.1 The raw Moran’s I results from ArcGIS, presented by transect and by entire survey. I is Moran’s I value, Z is Z-
score, and ! is variance. P-values were all 0. 
Survey 
Date 
Transect 1 Transect 2 Transect 3 Transect 4 Transect 5 
 I Z ! I Z ! I Z ! I Z ! I Z ! 
9/23/2018 0.34 65 .000029 0.19 34 .000031 0.45 82 .000031 0.23 40 .000033 0.07 13 .000033 
10/27/2018 0.29 55 .000029 0.27 48 .000031 0.35 63 .000031 0.23 40 .000033 0.02 5 .000034 
12/16/2018 0.41 77 .000029 0.26 46 .000031 0.47 84 .000031 0.23 41 .000033 0.05 8 .000034 
1/26/2019 0.40 76 .000029 0.14 28 .000031 0.56 101 .000031 0.23 41 .000033 0.06 10 .000034 
3/9/2019 0.24 45 .000029 0.20 36 .000031 0.47 83 .000031 0.20 35 .000033 0.12 21 .000033 
4/20/2019 0.23 44 .000028 0.20 37 .000031 0.51 92 .000031 0.22 39 .000033 0.06 10 .000034 
6/4/2019 0.31 59 .000028 0.16 29 .000031 0.57 102 .000031 0.19 33 .000033 0.02 4 .000034 
7/15/2019 0.39 75 .000028 0.18 33 .000031 0.31 55 .000031 0.32 57 .000031 0.03 6 .000033 
8/24/2019 0.32 65 .000025 0.32 62 .000028 0.42 81 .000027 0.29 56 .000028 0.11 21 .000028 
Survey 
Date 
Transect 7 Transect 8 Transect 9 Transect 10 Entire Survey 
 I Z ! I Z ! I Z ! I Z ! I Z ! 
9/23/2018 0.52 98 .000029 0.18 35 .000029 0.33 67 .000025 0.02 4 .000027 0.35 175 .000004 
10/27/2018 0.49 93 .000029 0.27 51 .000029 0.30 61 .000025 0.13 25 .000027 0.33 167 .000004 
12/16/2018 0.65 122 .000029 0.21 40 .000029 0.35 70 .000025 0.16 30 .000028 0.40 203 .000004 
1/26/2019 0.60 112 .000029 0.20 37 .000029 0.39 77 .000025 0.12 23 .000028 0.40 204 .000004 
3/9/2019 0.30 57 .000029 0.37 69 .000029 0.13 25 .000025 0.33 64 .000026 0.34 172 .000004 
4/20/2019 0.45 84 .000028 0.27 51 .000029 0.35 70 .000025 0.17 33 .000026 0.33 166 .000004 
6/4/2019 0.50 15 .001066 0.21 42 .000027 0.22 43 .000025 0.17 34 .000026 0.31 158 .000004 
7/15/2019 0.50 95 .000028 0.22 42 .000027 0.19 38 .000025 0.21 41 .000026 0.31 160 .000004 




The raw Moran’s I results from ArcGIS (version 10.5) are presented in Table B.1. 
The final set of columns (labeled “Entire Survey”) on B.1 are the index data presented in 
the results section of this study. We calculated Moran’s I on each transect to better 
understand the dynamics of land cover for different areas in an incipient foredune zone. 
We find that the Moran’s I are all positive, so there is some degree of spatial similarity.  
However, this varies by transect. The maximum Moran’s I value is 0.65 (December 2018, 
Transect 7), and the minimum is 0.02 (September 2018, Transect 10). 
Plotting these values (Figure B.1) shows the variability of autocorrelation for each 
transect over time. The maximum range of values occurs in December 2018, while the 
minimum range occurs in August. It is possible that this is a seasonal signature, but 
further exploration is necessary.  
 
Figure B.1 A scatterplot of the Moran’s I values for each transect over time. 
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We also plotted the variability of each individual transect using these same data 
(Appendix Figure 4). This better demonstrates the range of Moran’s I values per 
transect. It is interesting that Transect 5 exhibits consistently low Moran’s I values, as 
it is an overwash channel from previous storms. Transects 3 and 7 have some of the 
consistently highest Moran’s I values, and were two of the more heavily vegetated 
transects at the site. These data are enlightening, and may be able to be utilized to 
further explore the dynamics of this system. These patterns may be caused by the 
relationship between vegetation and dune morphology. Transect 1-2, 5, and 8-10 
represent varying stages of recovery. Figures B.1 and B.2 suggest that this is a future 
research area, and that we could explore this with data collected during this study. 
 
Figure B.2 A scatterplot of the Moran’s I values calculated for each transect. Each 




TOPOGRAPHIC RATE OF CHANGE
The topographic rate of change data is presented in Table C.1. These are the 
average topographic rates of change calculated for each land-cover change type, 
matching data presented in Figure 3.4. 
Table C.1 Calculated topographic rates of change (cm/ADLT period). Dates in their 
acronym form represent ~12-week intervals, except for the final two columns which 

























































2.2 -1.4 -2.9 3.2 -2.4 -2.2 3.0 0.5 -0.1 
Consistent 
Sand 
3.7 -0.4 -3.1 2.7 -0.7 -3.8 7.6 1.6 0.9 
AVG 4.0 0.0 -3.0 3.1 -1.3 -3.9 5.0 1.1 0.5 
 
Topographic rates of change were calculated at the time-step determined by the 
ADLT, following the methods presented in this study. The row-average suggests seasonal 
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trends in erosion/deposition—demonstrating that there are fluctuations throughout the 
year likely caused by various environmental factors. The column-average highlights the 
differences in topographic change by land cover. These data are generally easy to 
generate, and could be utilized in longer duration studies to quantify the impacts that 
seasons have on recovering dunes. These data could also be adapted to consider different 
types of land cover—vegetation species and percent coverage are two examples of how 
we could further connect and quantify vegetation and morphology. 
